Short-term (<60-d) stockpile-curing of dewatered municipal wastewater biosolids has been suggested as a practice to reduce malodors during subsequent field application. Biosolids from the City of Philadelphia were evaluated following stockpile-curing for 3-d, 10-d, and 50-d. Each material was top-dressed on small grain stubble in 37-m diameter rings. Four trained odor assessors were positioned in the center of each odor ring and olfactory observations were performed at: pre-application (background); 45-60 min, 4-hrs, 10-hrs, and 20-hrs following field application. Comparison of 10-minute Best Estimate Dilution Threshold (BET 10 ) odor concentrations found no statistical difference between the 3-d and 10-d treatments, but 50-d BET 10 levels were statistically greater (α=0.05). Odor character, intensity, and hedonic-tone observations were similar and triangular forced-choice dynamic olfactometer testing of flux chamber whole-air samples revealed no statistical differences. Sensory odor quantification techniques employed to assess the total effect of field malodors showed remarkably consistent results. Analytical analyses were unsuccessful in identifying a single odorant in whole-air field samples. This study was not able to confirm that short-term biosolids stockpile curing produces a less odorous product for field application.
INTRODUCTION
High speed centrifuge dewatering of municipal wastewater biosolids has been shown to increase malodor emissions relative to alternative dewatering/ drying techniques (Feltner et al., 2008; WERF, 2004) . While this technology produces drier cake and can significantly reduce hauling and disposal costs, increased odors at land application sites elevate the likelihood of odor nuisance complaints that can threaten the sustainability of an otherwise successful recycling program. Practical, cost effective strategies are needed to mitigate biosolids application site odors, which can trigger intense negative public reaction.
Recent research has shown that malodors from anaerobically digested biosolids during the first two weeks after dewatering are typically dominated by volatile organic sulfur compounds (VOSCs), including: methanethiol (methyl mercaptan), dimethyl sulfide, and dimethyl disulfide (Higgins et al, 2003) . Feltner et al. (2008) found that ammonia initially dominated in lime amended cake biosolids, but shortly thereafter VOSC's and triethylamines prevailed. A variety M a t e r i a l M a t t e r s , I n c . M a t e r i a l M a t t e r s , I n c . M a t e r i a l M a t t e r s , I n c . M a t e r i a l M a t t e r s , I n c . M a t e r i a l M a t t e r s , I n c . M a t e r i a l M a t t e r s , I n c . M a t e r i a l M a t t e r s , I n c .
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of odorous volatile aromatic compounds (OVAC's) have also been identified in biosolids, including: indole, skatole, p-cresol, toluene, styrene, and ethylbenzene. Chen et al. (2006) found that these OVAC's became dominant odorants in biosolids cured (aged) one to six-months. Production of VOSC's and OVAC's in dewatered biosolids is attributed to anaerobic protein decomposition.
Human sensory odor assessment is often minimized, or even excluded, in biosolids odor studies due to cost and logistical challenges. Accordingly, published sensory information on biosolids aged greater than one week is exceedingly scarce. For example, all odor panel detection threshold (DT) findings reported in the WERF (2004) study were performed on 6-d aged biosolids (following dewatering). The WERF (2004) investigation found a strong correlation between peak VOSC's and DT, but there was no discernable relationship between volatile N compounds and DT. More recent studies on anaerobically digested, high speed centrifuge biosolids from the City of Philadelphia have confirmed the importance of methyl mercaptan and dimethyl sulfide in biosolids malodors for material stored less than one week (Johnston et al., 2008) . This study also monitored a limited number of selected odorants and DT levels in biosolids incubated up to 80 days, finding that VOSC's were greatly reduced over time. After ~20-days storage, increasing levels of OVAC's emerged….. most notably p-cresol. In some cases odor DT values of aged biosolids were just as strong as material aged <1 week. However, no meaningful correlation between OVAC's and sensory DT levels were apparent (Johnston, 2008) .
The paucity of human sensory data on biosolids odors is a serious gap in biosolids odor understanding. It is widely acknowledged that specific gasses (odorants) are often poorly correlated with odors perceived by humans (St. Croix Sensory, 2003) . Environmental odors typically contain a complex mixture of many offensive odorous compounds, and biosolids are no exception. Human sensory assessment methods remain the undisputed mainstay for quantifying odor (Miner, 1995) . Only sensory evaluation can capture the "total effect" of an odor, as the human nose is the ultimate sensor/ receptor in all odor nuisance incidents.
Involuntary exposure to odors that are viewed as out-of-place provide the momentum for odor nuisance complaints. Gostelow et al. (2003) note…. "To control an odor nuisance, it must first be quantified. This is difficult, as there is no single parameter which can easily describe odor nuisance, and a range of measurements may be required." Environmental odors, such as swine manure, can contain over 160 different malodor constituents (O'Neill and Phillips, 1992) . Four fundamental sensory measures should be considered in thorough environmental odor assessment (Gostelow et al., 2003) : (1 techniques are required for sensory evaluation of odors. For outdoor settings, local environmental conditions play an important role in odor release and transport, and the ability to control or manage factors that may differentially influence odor assessors is limited. Thus, laboratory-based triangular forced-choice olfactometry (TFC) measurement is presently considered to be the best available technology (Zang, 2002) and is the undisputed "gold standard" for sensory quantification of odors. Laboratory TFC evaluation is believed to give "better accuracy, reproducibility, and statistical reliability" than other methods (USEPA, 1996) . However, sample preservation and potential adulteration introduced by sample bags (typically Tedlar TM ) are continuing challenges.
Until recently, odor quantification via olfactometry suffered from a lack of standardized methods. In the 1980s an international effort was launched to develop uniform standards for olfactometry observations, concluding in 2003 with publication of international standard EN13725 (CEN, 2003) . This standard, produced by the Comité Européen de Normalisation (CEN), has been adopted by the European Union and received widespread international acceptance for threshold olfactometry analysis (St. Croix Sensory, 2005) . The standard provides criteria for equipment design and materials; equipment calibration, and; odor panel size, selection, qualification, and sensory acuity monitoring. Requirements for odor sample presentation, procedures for exclusion of outlier observations, and determination of the odor DT are specified. Triangular forced-choice olfactometry in accordance with EN13725:2003 provides objective and repeatable measurements that are comparable across laboratories. However, strict laboratory-based olfactometry is expensive and time-consuming, and real-time field measurements are not practical with this technique.
In the late 1950s, the U.S. Public Health Service sponsored research leading to the development of an inexpensive hand-held device for sensory determination of odor threshold concentration in the field, using the same fundamental dynamic dilution approach employed in the laboratory. The first commercially available field olfactometer (FO) was manufactured by the BarnebySutcliff Corporation and was marketed under the name, Scentometer ® . The Scentometer ® produces known odor dilutions by mixing ambient (odorous) air with carbon-filtered (odor-free) air, which is sniffed and directly evaluated in the field.
Field olfactometry is attractive because of its relatively low cost and convenience (Miner, 1995) . A recent study by Brandt et al. (2007) found that the FO can be a useful management tool to aid producers and agricultural advisers in decision-making processes involving the odor potential of production units and practices, and in evaluating odor reduction strategies. These researchers found that meaningful results are contingent upon strict methodological protocols and data analysis. Since field observations are influenced by a number of uncontrollable factors (e.g. wind direction, odor-source distance, visual suggestions, etc.), minimizing the influence of such factors improves confidence in findings (Agnew et al., 2006) . Brandt et al. (2007) concluded that multiple odor assessors and observations, and Best-Estimate Dilution Threshold (ASTM-679-04) data processing should be used for decisions involving costly management strategies.
Field-scale research is needed to document odor mitigation practice effectiveness before biosolids generators commit significant resources. The objective of the current study was to investigate the viability of inventory management (stockpile-curing of biosolids prior to release for land application) as a strategy for reduction of biosolids farm odors that may lead to nuisance complaints. Field olfactometry methods played a central role in this investigation, but complementary laboratory-based olfactometry and gas chromatography-mass spectroscopy (GC-MS) and GC with flame ionization detection testing of field air samples and incubated biosolids headspace gas samples were also performed. This study is intended to bridge the gap between laboratory-based bench-top analyses/ observations with total effect field-scale (real-world) observations employing human sensory techniques.
METHODOLOGY

Biosolids characterization and stockpile curing
All biosolids used in this study originated from the City of Philadelphia -Biosolids Recycling Center (BRC). Anaerobically digested slurry was dewatered via high-speed centrifugation at the BRC (~27% total solids). One tri-axle truck load of biosolids (~15 Mg) for each treatment (curing age) was delivered to the farm site and placed in separate adjacent stockpiles. Due to natural slumping, biosolids piles averaged ~1.0-m high at the center. Storage pile surface and ambient air temperatures, and precipitation amounts were also recorded during the on-farm storage period.
Farm fields and land application
The farmland application site used in this study was located in southern Lancaster County, Pennsylvania. All biosolids treatments were land-applied at a consistent nitrogen-based agronomic rate (18 metric tons ha -1 ) on wheat stubble, approximately 2 weeks following grain/ straw removal, in late July, 2008. To minimize the influence of variable wind direction and odor source distance, biosolids were applied in 37-m inner-diameter odor rings, with a 3-m annular space swath. An untreated control area was also established where on-site odor observations could be secured in the absence of biosolids application. This control plot was placed in a nearby recently mowed alfalfa field (mowed ~10 days previously), due to site space constraints. All odor rings were carefully located to avoid odor cross-contamination among treatments.
Odor panelist qualification
Odor panelists used in the study were qualified and trained at the Penn State Odor Assessment Laboratory. All sensory observations, including odor quality (supra-threshold intensity, character, and hedonic tone) assessments were performed by assessors qualified on an Ac'Scent international dynamic olfactometer using the TFC method. In accordance with international Treatments were not disclosed to odor panelists and were visually indistinguishable from oneanother in the field. Wind speed (instantaneous, minimum, maximum, and average) and prevailing wind direction were recorded during each observation set, along with temperature, relative humidity, barometric pressure, cloud cover, and precipitation. Immediately following FO readings at each location, odor panelists were instructed to remove their respirator units and individually record odor quality observations (without air filtration), including: odor character, supra-threshold intensity, and hedonic tone of the ambient air. Ambient air characterization involved use of the environmental odor characterization wheel developed by St. Croix Sensory (2003) , shown in Figure 2 . Odor assessors were permitted to choose one or more odor wheel descriptor codes at the conclusion of each observation set. When no odor was detected, a descriptor code for odorless was recorded. Supra-threshold odor intensity was quantified using the labeled magnitude scale (LMS) method (after Greene et al., 1996) . Hedonic tone was assessed using a 22-point scale, in which +11 points for pleasant and -11 points for unpleasant observations are provided. With this method, a score of zero is assigned for odorless or no In addition to field olfactometry observations, surface isolation flux chambers (manufactured by St. Croix Sensory, Inc.) were used to collect whole-air samples from treated wheat stubble plots. Flux chambers were operated using a sweep air flow rate of 3.25 L min -1 , supplied via compressed odorless-air cylinders. Flux chamber air samples were collected in pre-conditioned Tedlar TM bags following a one-hour flux chamber acclimation/ equilibration period (>7 internal volume air exchanges). Tedlar TM bags were immediately placed in a darkened container (no light) for storage/ transport to the Penn State odor Assessment Laboratory at ambient temperature (~20 o C) for next-day laboratory-olfactometry assessment.
Laboratory olfactometry and analytical testing
Within 24-hrs of flux chamber air sample collection in the field, Tedlar TM bag whole-air samples [3-d, 10-d, 50-d, and control (wheat stubble without biosolids)] were evaluated at the Penn State Odor Assessment laboratory. Detection threshold and recognition threshold (RT) levels were determined using an Ac'Scent International Dynamic Olfactometer, in accordance with procedures specified in EN13725:2003 using the TFC method. In addition to olfactory measurements, analytical testing for selected odorants in undiluted headspace samples incubated at 35 o C using the methodology described by Higgins, et al. (2003) and Tedar TM bag field-air samples were performed at Bucknell University. Immediately upon conclusion of laboratory TFC olfactometry evaluation at the Penn State Odor Assessment Laboratory, Tedlar TM bag air samples were transported to Bucknell University, where same-day GC-MS and GC equipped with flame ionization detector gas analyses were performed on the remaining sample volumes.
Data analyses
Field olfactometry data were calculated to determine the Best Estimate Detection Threshold (BET) value for each odor panel observation data set (16 observations) using procedures detailed in ASTM E679-04. This method, originally developed for laboratory-based olfactometry, was used to process multiple field D/T observations, simulating the YES/NO laboratory olfactometry threshold procedure. In this method, the geometric mean of the last non-detect dilution ratio and the first detectable dilution ratio is determined for each assessor [known as the Individual Threshold Estimate (ITE)]. The overall panel BET is then determined as the geometric mean of all ITE values. Since this method was applied to field olfactometry observations collected during a 10-min (nominal) period, the term BET 10 is used to distinguish this calculated value apart from laboratory-based olfactometry results. Laboratory TFC odor panel results were evaluated using the EN13725:2003 calculation and retrospective screening procedures. Basic descriptive statistics (mean, standard deviation, etc.) for FO observations were determined using log transformed data, which is standard protocol for threshold odor concentration analysis. Analysis of odor quality observations was limited to basic descriptive statistics, due to the variability in assessor responses, which is not unusual for subjective observations of this nature.
An analysis of covariance in a completely randomized design was performed with treatment, time of odor measurement, and assessor ID as main effects. Interactions of fixed effects and random effects due to replication, time and wind speed were analyzed using PROC GLM, SAS program (SAS, 2003) . All data were tested for normality using the Shapiro-Wilk method and were converted to logarithmic values when data failed the test. Least significant differences and Duncan's multiple range test were calculated at the 95% confidence level when individual odor threshold estimate was found to be significantly different among treatments. Relationships of odor emissions to environmental variables were computed using the Pearson correlation analysis (SAS, 2003) .
RESULTS AND DISCUSSION
As shown in Table 1 , the biosolids characteristics for the three materials used in this study were virtually identical, with one notable exception. The total Fe (Fe T ) content in the 3-d material (9.01% Fe T ) was slightly greater than that reported for the other two materials (7.74% Fe T and 7.99% Fe T ). This difference is likely due to variation in Fe-water treatment residual (WTR) content in the biosolids. In all cases BRC biosolids Fe T was well above 1%, which is the approximate Fe T concentration commonly observed in biosolids that have not been amended with Fe-WTRs and/or Fe salts.
Assessor ID, wind speed, temperature, relative humidity and prevailing wind direction were analyzed to determine significant environmental variables affecting odor concentration values. This evaluation revealed that assessor ID, maximum wind speed, and relative humidity, each, were significant variables in the estimation of odor threshold concentration (Table 2) . Accordingly, these factors were incorporated into the linear model for odor emission prediction. As shown in Table 3 and illustrated in Figure 3 , detailed statistical analyses of the combined BET 10 data (for all times) were significantly higher for the 50-d treatment. Composited BET 10 data for 3-d and 10-d biosolids treatments were statistically identical (α=0.05). This finding was unanticipated, as the 10-d cured biosolids were expected to be aged beyond the VOSC emission peak, but yet young enough to preempt substantial OVAC emission build-up.
As shown in Tables 4 and 5 , BET 10 levels showed significant differences among the various time measurements (P = <0.0001). For data composited across all treatments, BET 10 was greatest at 10-hrs following biosolids application, but was similar at <1-hr and 4-hrs. As expected, after 20-hrs, BET 10 was significantly lower compared to other times of measurement (Table 4) . Table 5 provides a detailed summary of BET 10 levels for each treatment and observation time. As shown, the 3-d treatment BET 10 at <1-hr produced the highest field olfactometer BET 10 levels observed in the study. This is believed to be due, at least in part, to biosolids temperature. Biosolids temperature immediately after dewatering at the BRC is typically ~35 o C and curing piles tend to cool over time. Dataloggers placed in the 10-d curing pile showed internal temperature stabilized at 21 o C after 38 days storage, matching the average ambient air temperature at that time. On the morning of field application, the 3-d biosolids internal pile temperature was ~33 o C, while that of the 10-d and 50-d biosolids were 27 o C and 23 o C, respectively. Previous bench-scale incubation experiments have shown that elevated temperatures (35 o C versus 25 o C) produce higher DT emissions, presumably due to higher vapor pressure (unpublished data). This effect could be meaningful during the first FO observation period (< 1-hr) in the current field study, as warm biosolids were spread on the ground surface. During later odor ring observation periods, initial pile temperature would not be expected to differentially influence field odor emissions since biosolids temperature is then largely controlled by field micro-climate conditions, common to all treatments.
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Copyright ©2009 Water Environment Federation. All Rights Reserved. For composited data across all times and treatments, lower relative humidity and higher maximum wind speed were significantly correlated (P = 0.0001) with greater D/T odor levels, accounting for 24% and 40% of the variation, respectively. However, the control plot produced the opposite relationship, with higher relative humidity and lower wind speed producing the greatest D/T odor levels. This is perhaps explained by the vegetative cover on this one plot….. mowed alfalfa (cuttings removed). As shown in Table 5 , high humidity coupled with low maximum wind speeds (10-hr and 20-hr events) produced the greatest BET 10 odor levels at the control site. Pleasant odors (positive hedonic tone) having a grassy character were most frequently reported by assessors at the control plot ( Figure 6 ). This was not the case for the biosolids treated wheat stubble plots, where unpleasant (negative hedonic tone) was consistently reported after biosolids spreading. It is reasonable to speculate that pleasant control plot odors largely originated from the vegetation assessors were standing-in during observations. Figure 4 shows the mean supra-threshold intensity observed during each observation set for all treatments. In general, odor intensity on biosolids-treated odor rings decreased with each successive observation time, as one would expect. Interestingly, the 3-d <1-hr mean intensity did not emerge as the highest recorded intensity level, as was shown with the odor concentration BET 10 data. Overall, there is little difference among the biosolids treatments for timecomposited data, with 3-d, 10-d, and 50-d mean intensity levels of 13.0, 12.8, and 17.6. These scores rank the field odors in the high-weak to moderate odor intensity categories per the LMS word association method. It is interesting to note that for the control plot, greatest mean intensity levels occurred during the 10-hr and 20-hr events, coincident with elevated odor BET 10 observations.
Mean hedonic tone levels recorded for each observation set and time are graphically presented in Figure 5 . As noted above for odor intensity, little overall difference among the biosolids treatments is evident. Though a very slight trend (non-significant) toward increasingly unpleasant scores is notable as the biosolids treatment ages advance from 3-d, to 10-d, to 50-d (-1.5, -1.9, and -2.4, respectively, excluding pre-application). Pre-application pleasantness scores for all treatments were either zero or +0.5, indicating no meaningful offensive odors were detectable prior to biosolids spreading. The mean control plot pleasantness score was +0.1, (composited over all times). The neutral to slightly positive hedonic tone score for open field air, in the absence of manure or chemical treatments, is expected.
Reported odor character descriptor frequency for each treatment is shown Figure 6 , where it is composited for each treatment, for all observation times (including pre-application). All odor descriptor terms observed in the study are listed on the y-axis of each bar chart. It is notable that the percentage of non-earthy odor descriptors reflect a slight upward trend paralleling treatment material age….. indicating that offensive, medicinal, fishy, and/or chemical odors are being reported more frequently on biosolids plots relative to the earthy character expected for open field air. Though not statistically significant, the general trend for all three odor quality measures (intensity, pleasantness, character) appear to parallel one-another. Moreover, odor quality observations are consistent with odor concentration BET 10 findings. Figure 7 , shows a remarkable fit in view of the subjective LMS odor intensity method used. Likewise, comparison of hedonic tone with LogBET 10 found similarities revealing a strong inverse correlation (r = -0.89, with r 2 = -0.79), which is presented in Figure 8 . In this later evaluation; the mean hedonic tone recorded for the control plot (+1.5) was not included in the linear regression analysis. Inclusion of pleasantness scores ≤ +0.5 assured that borderline malodors were accounted-for in the study. Exclusion of pleasantness scores >0.5 maintained emphasis on malodors, the central theme of this study. It is notable that one assessor consistently assigned a hedonic tone of +11 for grassy odor character and in these cases his pleasantness score was often 10 to 14 points higher than companion assessors. Again, these extremely high (pleasant) observations were judged to be outlier observations, unrelated to biosolids malodor, and therefore not included when calculating mean odor panel pleasantness score. Linear regression of field odor intensity versus hedonic tone presented in Figure 9 shows that these subjective odor quality factors were very strongly correlated (r = 0.92, r 2 = 0.85).
Multiple biosolids samples secured on the day of field delivery were placed in 160-ml Wheaton serum bottles and incubated at 35 o C in the laboratory. Periodically, samples were removed from the incubator for analytical testing. Headspace gas was extracted using a needle syringe through the septum cap (Higgins, et al., 2003) and undiluted headspace gas was immediately subjected to GC-MS and GC with flame ionization detection analyses for assessment of total VOSCs and pCresol. Figure 10 shows total VOSC and p-Cresol levels found in headspace samples versus incubation time. These data were expected to show a distinct valley between the early total VOSC peak concentrations and later OVAC levels, as noted in our earlier studies (data not shown here) and reported by Chen, et al. (2006) . The y-axis scales for VOSCs and p-Cresol in Figure 10 differ by 3 orders of magnitude, where the lowest concentrations are associated with pCresol. The published detection threshold for p-Cresol is very low at 0.011-5.4 ppb (Gostelow, 2001) . Thus, even at the concentrations shown, human assessors could be expected to detect the medicinal character of this odorant, at least in its pure form. Odor emissions are a mixture of many odorants, so the actual perceived odor is a result of interactive behavior among the various compounds present.
In this investigation, headspace p-Cresol release was generally trending upward when the field study initiated (July 25, 2008) , which coincides with day 3 for the 3-d biosolids, and day 10 for the 10-d and 50-d biosolids, shown in Figure 10 . The 35 o C incubation temperature used in this study likely contributed to accelerated emission/ concentration in headspace samples relative to off-gasses from field-applied biosolids, which were 3 o C (3-d) to 12 o C (10-d and 50-d) cooler. Headspace p-Cresol concentrations quickly climbed upon placement in incubation; most notably for the 10-d treatment. Curing times chosen for this study were selected to capture maximum total VOSC odors in the 3-d material and elevated p-Cresol in the 50-d treatment; bracketing the 10-d treatment, which was targeted to take advantage of the expected lull between peak total VOSC and OVAC production periods. Based on the incubation data, all biosolids treatments had already passed their peak total VOSC release point by July 25, 2008 when the odor ring field experiment was initiated. Thus the 3-d incubation biosolids showed only a fraction (~20%, or ~50 ppmv total VOSCs) of the measured peak total VOSC concentration (~240 ppmv on day 1), which contributed to lower field odors….. assuming the laboratory incubation results were However, based on the headspace analysis data presented in Figure 10 , it is unclear which of the treatments might emerge as the lowest-odor product. The situation is further complicated by the knowledge that other unknown odorants/ factors could have played significant (perhaps dominant) roles in the malodor emissions observed in the field. The confounding influence of many different interacting odorants, differing odorant detection thresholds, and uncertain laboratory incubation simulation in this study highlights the importance of using multiple human sensory evaluation techniques to quantify/ qualify odor nuisance emissions. Analytical odorant measurements advance the understanding of biosolids odor composition and mechanisms, but cannot replace human sensory assessment when it comes to odor nuisance definition.
Surface isolation flux chamber whole-air field samples were evaluated at the Penn State Odor Assessment Laboratory using the TFC method (EN13725:2003). As shown in Figure 11 , this evaluation found no statistical differences (α = 0.05) among samples, which ranged from 500-700 DT across the three storage times. Analytical testing by GC-MS and GC with flame ionization detection at Bucknell University failed to identify a single odorant in whole-air samples. It is noteworthy, however, that the total GC-MS chromatograph area ranged from 13,400 to 21,600 time units, suggesting that unidentified compounds were present. The large peak area measured in whole-air samples indicates that the concentrations of these unknown compounds could be very high.
SUMMARY AND CONCLUSIONS
Previous biosolids odor research has identified total VOSCs as a primary malodor source in dewatered municipal wastewater biosolids aged less than 10-d (WERF, 2004) . Total VOSC malodors are dramatically reduced beyond this time and OVAC compounds tend to increase and dominate odorous emissions (Chen, 2006) with increasing storage age. Thus short-term stockpile-curing (<60-d) has been suggested to reduce malodors at land application sites. To test this hypothesis in the field, biosolids from the City of Philadelphia were land-applied following stockpile-curing for 3-d, 10-d, and 50-d. Each material was top-dressed on small grain stubble in 37-m inner diameter rings, having a 3-m biosolids-treated annular space. Four trained odor assessors were positioned in the center of each odor ring to perform olfactory observations at: pre-application (background); 45-60 min, 4-hrs, 10-hrs, and 20-hrs following field application. Quantitative FO (odor concentration) measurements were complimented with odor quality observations: character (what odor smells like), supra-threshold intensity (odor strength), and hedonic tone (pleasantness) of ambient air. Only human sensory evaluation can capture the total effect of an odor and thus sensory techniques played a central role in this study. 
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Surface isolation flux chamber whole-air field samples evaluated at the Penn State Odor Assessment Laboratory found no statistical differences (α = 0.05) among treatments, which revealed odor concentrations ranging from 500-700 DT. Analytical Gas chromatography-mass spectroscopy (GC-MS) and GC with flame ionization detection analyses were unsuccessful in identifying a single odorant in whole-air field samples, presumably due to very low concentrations and/or unknown odorants. Analytical analyses of total VOSC and p-Cresol concentrations in headspace samples incubated in the laboratory at 35 o C failed to provide sufficient clarity for prediction as to which treatment might yield the lowest malodor product. The confounding influence of many different interacting odorants, differing odorant detection thresholds, and uncertain laboratory incubation simulation in this study reinforces the importance of using multiple human sensory evaluation techniques to quantify/ qualify odor nuisance emissions. Analytical odorant measurements advance the understanding of biosolids odor composition and mechanisms, but cannot replace human sensory assessment when it comes to odor nuisance definition.
This study was not able to confirm that short-term biosolids stockpile inventory management produces a less odorous product for field application. 
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